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Effect of hydrogen-related impurities on the thermal behavior of
mechanical stress in silicon oxides suitable for integrated optics
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Silicon oxide films were deposited by plasma enhanced chemical vapor deposition on crystalline
silicon substrates from a mixture of silane and nitrous oxide. Substrate temperature and
[N,O]/[SiH4] precursor gas flow ratio were varied between 200—-350 °C and 5.5-110, respectively.
Rapid thermal annealing at 900 °C to achieve impurity effusion led to significant changes in the
dependence of the mechanical stress with the gas flow Rafiio situ stress measurements during
thermal cycles up to 300°C as well as measurements of transmission infrared spectra for the
as-deposited and annealed samples were performed. The changes in the stress behavior were
explained considering the layer shrinkage resulting from the effusion of the different impurities
present and the network rearrangement taking place during rapid thermal annealing, for different
ranges of flow ratios. €2003 American Institute of Physic§DOI: 10.1063/1.1563297

I. INTRODUCTION and behavior. These facts suggest the importance of control-
ling stress values in film-substrate structures as a function of
Increasing interest is currently devoted to silicon-richdeposition parameters.
silicon oxides (SiQ, X<2) deposited at low temperature Rapid thermal annealin@RTA) at 900 °C is an effective
by plasma enhanced chemical vapor deposiiBECVD)  way to achieve impurity effusiofThe short process dura-
with silane (SiH) and nitrous oxide (BO) as precursor tion (around 30 savoids the occurrence of other undesirable
gases. Silicon suboxidéas they are also callgthave been physical and chemical processes, such as diffusion and oxi-
widely used as intermetal dielectric layers, positively impact-dation. In a previous worfwe reported the effect of RTA on
ing the microelectronic industry? Furthermore, they are be- the mechanical stress of PECVD silicon oxide films depos-
ing effectively employed as basic materials for passive eleited on silicon wafers at 300 °C with different gas flow ratios.
ments in integrated optics technolddyas well as for We showedthrough Fourier-transform infrared, FTIR, mea-
fundamental studies about the luminescent properties afurements that a complementary effect exists for the as-
silicon-based nanostructures and silicon oxide defectleposited films: films deposited with low gas flow ratios are
centers® The composition and physical properties of theseSi-rich with high concentrations of Si—H bonds, while films
materials strongly depend on the deposition parameters, pasleposited with highR-values are more stoichiometric, with
ticularly, the precursor gas flow rati®R (defined asR  lower Si—H bond content. Thus, changes in stress with RTA
=[N,OJ/[SiH,]) and the substrate temperat(fg.” During  in samples deposited with sm#&lvalues(R less than about
deposition, impurities such as hydrogen, nitrogen, and watet5) were explained on the basis of the film shrinkage due to
are introduced within the layers. Moreover, moisture is geneffusion of hydrogen from the Si—H bonds. For higher
erally incorporated from the atmosphere after deposition. Ayalues, where the Si—H bond concentration is below the de-
a result, Si—H, Si—-OH, Si—-NH—-O-H, and N—Hbonds are tection limit of the FTIR technique, the changes in stress
present, in addition to Si—O bonds, influencing the propertiesemained unexplained.
of the films. When used as integrated optic materials, impu-  To definitively clarify the stress behavior after RTA, we
rity bonds enhance optical absorption, increasing transmigeport in the present article a full study of the effect of the
sion losses. Thermal processing to achieve film impurity efdifferent H-related impurities in the stress of PECVD silicon
fusion often causes structural changes giving rise to differenexide layers deposited with differefit; and R values and

stress-related phenomena affecting the film/device integritpubjected to several thermal treatments. During the rapid
thermal annealing at 900 °C the effusion of all the impurities

}akes place simultaneously, being impossible to discriminate

dAuthor to whom all correspondence should be addressed:; electronic mai

carlos@cnm.es the particular effect of each one. Therefore, we analyze here
YElectronic mail: jar@ff.oc.uh.cu the results obtained by subjecting the oxide films to thermal
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cycles up to 300 °C, with simultaneous stress measurements. 07

The layer composition of the as-deposited samples and after 084 @
each thermal treatment is qualitatively studied by Fourier- 05+ '\

transform infrared spectroscog¥ TIR). Somewhat similar 47

analyses may be found in the literature for a fixed value of ] y

. . . B LY

flow ratio® However, the effect of impurities on stress as T Zf y

well as on other physical properties strongly depends on the € ;] ;
type and concentration of these impurities, which in turn, ° 4]
depend orR. 02
.03:
Il. EXPERIMENT 4
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R = [N,O/SiH,]

The deposition processes were achieved on a large radial
flow capacitively coupled parallel-plate PECVD reactor, op-
erated at 13.56 MHZ' D.etalls of th? mSta”a.tlon can be founq:IG. 1. Total mechanical stress as a function of gas flow rd)p before
elsewherd® Undiluted silane and nitrous oxide were used aS(straight ling and after(broken ling RTA.
precursors. Chamber pressure, r.f. power density, and nitrous
oxide flow during depositions were fixed at 26.6 Pa, 0.07

W/cn, and 110 scem, respectively. TBB,0)[SiH,] flow  pEcyD silicon oxide films deposited on crystalline silicon

ratio and the substrate temperature were varied in the ranggg;ters are under compressive stress, i.e., convex structures

5.5-110 and 200-350°C, respectively. The films were dezre gptained. For annealed samples, stress is less compres-
posited on one-side polishgetype (14—20 Ohm-cmsilicon gy than for the as-deposited onsructures become less

(100 wafers (50 mm in diameter and 24fm as average .qnyex or even concave after RIAboth in the lowR and

thickness. Layers of thickness about 1.am, similar to high-R regions. This fact should be associated to film shrink-
those used for integrated optics applications, were obtalne%ge during RTA. However, as it will be demonstrated below,

Thickness values were measured with a Rudolph Researgjg ¢5ses of this shrinkage are somewhat different for the
Auto El IV ellipsometer operated at 632.8 nm and 70° inCi-y, regions.

dence angle. Stress was determined by measuring the sub- Topie | shows the evolution of the ETIR bands for
strate strainchange in curvatueinduced by the deposited samples deposited at 300 °C wigranging from 5 to 110.

layer. The wafer curvatures were found with an optically gig e 2 jllustrates the corresponding spectra for representa-
levered laser techniquén situ measurements of the Stress e samples. For comparison, a spectrum of thermal oxide is
variations during thermal cycles were carried out placing the, s, inserted. Previous to the infrared measurements, the

samples in a furnaceowith'a window for the laser beam. The,mies were kept in controlled atmosphere with 85% rela-
heating rate was 20 °C/min, approximately. The rapid therye hymidity for a week to allow for moisture incorporation.

mal oannealing was achieved in an ADAX-1000 system, atrpg eyolution of the impurity-related bands is clearly shown.
900°C, on inert atmosphere. The mean heating rate Wag these bands disappear during Rigpectra are not shown

32°C/s and the annealing time was 30 s. In both cases, cog;, simplicity). Some important remarks can be made.
ing was done by switching off the power. Transmission FTIR

spectra were obtained with a Perkin-Elmer Model 2000 spec- (1) The three fundamental Si—O vibration baridsck-

trophotometer, the reference being a silicon wafer analogou89: Pending, and stretchingre present in all spectra except
to the substrates. for R=5, where the bending peak is not resolved.

(2) The Si—0O stretching peak, in 1040 chfor R=5,
shifts to higher wave numbers for increasRgbeing located
at around 1080 cm' for spectra corresponding ®=22.

Figure 1 shows the total stress as a function of flow ratioMoreover, these spectra markedly resemble that of thermal
The same features found in Ref. 8 appear again. We hawvexide, indicating a stoichiometric silicon oxide.
repeated the corresponding measurements since a new reac- (3) A systematic evolution of the spectra from 750 to
tor has been employed and a wider rangeRaé analyzed. 900 cm ! for R between 5 and 11 is observed. Fo+5, an
Two curves of stress are presented in Fig. 1: one belonging tonportant band at 870 cnt is present. AR increases, this
the as-deposited sampléstraight curvg and the second ob- band shifts to higher wave numbei@32 cm! for R=11)
tained after RTA(broken curvg the deposition temperature and its intensity decreases. This band is probably associated
being 300 °C. The broken curve determines two well-definedo the Si—-H bond bending mode in the H-SiE-O
regions, referred hereafter as Idand highR regions. configurationt*! In fact, the intensity of this band is directly

It is a well-known fact that the value of the total stress isrelated to the one at 2240 ¢rhwhich has been associated
proportional to the curvature of the film-substrate structurewith the stretching of Si—H when back bonded to three oxy-
which is produced during the deposition process and coolingen atoms.Both bands practically vanish f&>11. Simul-
down to room temperature. The curvature is considered to b&neously, the intensity of the Si—O bond bending band at
negative(compressive stresn convex structures when ob- around 810 cmi' increases for increasirig This fact, jointly
served from the oxide side, and positittensile stressin with remark (2) indicates an increasing level of
concave structures. As observed in Fig. 1, as-depositedxidation®?13

Ill. RESULTS AND DISCUSSION
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TABLE I. Wave numbercm %) of the different absorption FTIR bands as a function of gas flow i@jo

Wave numbexcm™t)

Si-H Si-H N-H Si-O Si-O Si-O H-O-H Si-OH  Si-OH
R (b)? P Gk (n° (b)? (9P ©P (b)? P

5.00 870 2240 3378 430 — 1040 — — —
8.46 884 2266 3390 452 812 1048 — — —
9.17 884 2272 3390 452 812 1050 — — —
11.00 882 2272 3382 452 816 1066 — — —
22.00 — — — 452 808 1080 1620 938 3658
36.70 — — — 452 816 1080 1612 (938 3660
55.00 — — — 452 818 1076 1612 (939 3660
110.00 — — — 452 818 1080 1600 (938 3660
&b) bending.

b(s) stretching.
¢(r) rocking.

(4) No bands associated with Si—OH ld-O—Hbonds  of OH and HO peaks aR= 22 approximately. Most of these
are observed for the small&values, in agreement with the changes can be understood considering the chemical reaction
moisture blocking mechanism inherent to Si—H bonds protaking place during the deposition process. BasicallyRas
posed by Machid&t al. (an almost undetectable stair is ob- increases, the concentration of O species activated by elec-
served forR= 11 at around 3660 ci).'* Instead, a band is tron impact dissociation also increases. Then, the Si atoms
observed at around 3380 crhassociated with N—H bonds tend to be efficiently passivated by the strongly electronega-
stretching. This band correlates with the Si—H bands men-tive oxygen atoms and Si—H bonds are inhibitdte energy
tioned before; its intensity decreases with increasing of the Si-O and Si—-H bonds are 8.4 and 3.0 eV,

(5) Three different moisture-related bands are observe(ﬂespective@ﬁ), The presence of Si—H bonds in samples de-
in the FTIR spectra of samples corresponding to the IRgh- posited with smalleR inhibits that of Si—-OH andH—O—H,
region (R in the range 22-110, in Fig.)2the first one is @ the concentration of which grows up ®=22 (stoichio-
small band at around 1620 crh assigned toH-O-H  metric sampleand then decreases, probably due to the less-
bond$® (molecular trapped water The second is a wide ening of porosity forR between 22 and 110.
band in the range 3300—3700 chformed by a broad band In the light of the above observations, it is now possible
and a stair at around 3660 crh) associated with the Si—OH to analyze the behavior of the stress wRhbefore and after
stretching'®*' The third is a small band at around 930¢ln  the RTA (Fig. ).
due to the Si—OH bending vibratidfil’ All moisture-related
bands have maximum intensity for tRe= 22 sample, gradu- A, Analysis of low- R region
ally decreasing toward higher and smalevalues, and dis- . .
appearing in the samples with a higher concentration of After RTA, the stress of the Saf”p'es |n.the Itﬁ%/\reg[on
Si—H bonds. Increases abruptly aR decreasesFig. 1). It is due to film

shrinkage resulting from the impurity effusidbreaking of

In summary, the evolution of the spectra between 7505_H and N—H bondsduring the annealing. Si—H and N—H
and 1100 cm® indicates that a increases, the oxide films ponds concentration increases for smakefremark 3, so

become more stoichiometric. The concentration of Si—H anghe shrinkage and the stress increase should be greater as
N—H bonds increases &sdecreases, while the concentration yg||, as experimentally observed.

To analyze the relative strength of H-related bonds in the
low-R range, we studied the evolution of the film stress as a
3 function of temperature, subjecting the layers to thermal
cycles up to 300°C. Figure 3 displays the corresponding
curves for a sample with an extrerfevalue (5.5). No ap-
preciable difference is observed in the stress values on cool-

4

W ing relative to those obtained on heating. Therefore, anneal-

W ing up to 300 °C does not generate the effusion of impurities,
2

400 -

3004

N
=1
S
n

Transmittance (a.u.)

100 probably due to the local environment H-Siz=QOln this

7 case, the silicon atom is back bonded to three oxygen atoms
O_W (strongly electronegatiyeand consequently the H-Si bond
strength is important. To verify qualitatively this assertion, a
sample obtained with the same deposition parameters was
subjected to successive thermal treatments with increasing
FIG. 2. FTIR spectra corresponding to some of the samples deposited ;gmperatures, and the corresponding infrared spectra were

300°C at different gas flow ratiéR) values.(1) R=5, (2) R=11,(3) R  measured(Fig. 4). Annealing at 600°C was necessary to
=36.6,(4) R=110, and(5) thermal oxide. detect a significant reduction of Si—H and N—H bands. They
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FIG. 3. Evolution of total mechanical stress with temperature for a samplé=1G. 5. Evolution of total mechanical stress with temperature for a sample

deposited at 300 °C anR=5.5. (@) First cycle heating(A) first cycle deposited at 300 °C and=22. (@) First annealing cycle(ll) after RTA.
cooling, and(M) after RTA.

. . Si—OH related band@emark 3] was subjected to the ther-
g?ar?epdle;ilgvglsappeared during RTA at 900tEig. 4), as mal cycle up to 300 °C. Figure 5 shows the corresponding

The sample subjected to a thermal cycle up to 300 °cFUrves for the heating and the cooling processes. On heating

was next annealed by RTA at 900 °C, to reach the next imgbove 100 °C the stress increases, i.e., the film contracts and

purity effusion step. A new thermal cycle up to 300° wast.he structgre_curvature decreasgs. On cooling, a lifeias- o
then accomplished. The corresponding stress-temperature ctlﬁc-) behavior 'S obser_ved an_d an |mp0rtz_1nt stress hysteresis in
pendence is shown in Fig. 3. A drastic inversion of the film € ﬂ.J” c_ycle is obtained. Figure 6 depicts a study by ftrans-
curvature, from convex to concave, is obsen(dte stress m|SS|on_|n_frared spgqtrosco;ﬁETlR) of a sample deposited
changed from negative to positivein accordance with _under similar de_p_osmon parameters. Spectra were measured
H-related impurity effusion and the corresponding pro_Just after deposition, after exposure to free atmosphere for
nounced film shrinkage. two months gnd after_ thermal treatment.s. at different tem-
peratures during 30 min. Just after deposition, the small band
at about 930 cm', as well as the low wave-number side of
the broad band at around 3300-3700 ¢massociated to
The differences in the stress values before and after RT&I—OH bending and stretching, respectively, are missing.
in the highR region are significantly lower than in the pre- Only the high wave-number side of the last band, i.e., the
ceding case. Important impurity bands related to Si—OH an@tair at around 3660 cnf, is present. However, the absent
H-O—H bonds are, however, present in this region. The efPands appear after the stay in free atmosphere. Moreover,
fusion of these impurities should also produce a significant
film shrinkage, but this was not the case. To clarify this ap-
parent contradiction, a sample wifR=22 [stoichiometric

B. Analysis of high- R region

oxide according to remark 2 and maximum intensity of the 1501
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FIG. 6. FTIR spectra for a sample deposited at 300 °C Rrd22 after
FIG. 4. FTIR spectra for a sample deposited at 300 °C Rrdb.5, after thermal annealing during 30 min at different temperaturBsAs-deposited,
thermal (30 min) and RTA(30 9 annealing at different temperature) (2) after six months exposed to room atmosphere conditi(8)safter an-
As-deposited, an@®?) annealing at 400 °G3) annealing at 600 °Q4) RTA nealing at 300 °C(4) after annealing at 400 °C, ar8) after annealing at
annealing at 900 °C, an(®) thermal oxide. 500 °C.
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thermal annealing at 300 °C eliminates all Si—OH related
bands but the stair, which requires 500 °C annealing to be 304 L
eliminated.

The observed behavior of Si—OH related bands can be
satisfactorily explained in the light of the model proposed by
Theil et al}” and used by Haque, Naseem, and Bréwn.
this model, three main local environments are proposed for
silanol (Si—OH) group in PECVD silicon oxides: near-

254

5 2.0 4

Hysteresis (a.u
5 @
1 1

neighbor, partially shielded and completely isolatby sili- ' -

con oxide matrix Si—OH groups. According to these au- 05 \.

thors, the mentioned environments lead to a broad absorption .\.\.\.

band in the range 3300—3700 cfand a little band at about 00T o = - o P
930 cml, in agreement with our experimental results. The Temperature (°C)

first environment is responsible for the lower wave-number
side of the broad band as well as for the band at 930cih ) , .
. . . . . FIG. 7. Stress hysteresis as a function of deposition temperature for samples
is produced by the incorporation of moisture during the postye,osjied at®) R=5.5 and(m) R=20.7.
deposition stay of the films in room atmosphere and results
from the attack of strained SO-Sigroups(commonly en-
countered in PECVD silicon oxideby water molecules. In the substrate temperature. For lower values of this parameter,
our case, a shift of the Si—O bond stretching band from 106%0wever, the effects associated to Si—OH bonds should be
to 1080 cm! was observed during ageing, in correspon-more pronounced. To verify this assertion, a set of films was
dence with the fact that water vapor reacts preferentially witrdeposited under the same deposition conditions, with two
the more reactive groups with lower-8D—Siangled’ [the  extremeR values(20.7 and 5.5and four different substrate
typical value of this angle for relaxed material is about 144°temperature$200, 250, 300, and 350 jCAfter exposure to
(Ref. 19] responsible for the absorption in the lower fre- free atmosphere, thermal cycles up to 300 °C, followed by
quency side. On the contrary, isolated silanol groups contribRTA, were carried out. Similar features to those shown on
ute to the higher wave-number side of the broad bahd  Figs. 3 and 5(according toR) were obtained. In order to
little stair observed in the spectra of Fig. &nd are formed analyze the results, a magnitude called “hysteresis” is de-
during deposition and/or cooling down of the sample in thefined as the difference, at a fixed temperature of 50 °C, of the
deposition chamber. The isolated character of these bond#ress values during cooling and heating processesRFor
should correspond to a higher effusion temperature, a fact 5.5 the hysteresis is very little even for samples deposited
observed in our experiments. at 200 °C, presumably due to the absence of moisture be-
In summary, the trend observed in Fig. 5 under the thercause of the blocking mechanism of Si—H bofskse Fig. 7.
mal cycle up to 300 °C should be due to the release of nealFor R=20.7, hysteresis is always higher than R5.5.
neighbor Si—OH groups, that are formed during ageing duéurthermore, it increases for smaller substrate temperatures.
to moisture incorporation into the oxide. On heating, mois-This behavior is in agreement with higher moisture contents
ture effuses and the film contracts, thus producing the corrgor samples deposited at lower temperatures, as expected
sponding stress hysteresis. from more porous oxides.
Figure 5 also shows the stress-temperature curve mea-
sured after a subsequent RTA at 900 °C. Even though th&/. CONCLUSIONS

RTA produces the release of the remaining moist@a@m- The effect of the different thermal processing on me-
pletely isolated Si—OH bondisvith an additional shrinkage, chanical stress in PECVD silicon oxide films deposited on

the curve shifts down, indicating a film expansion. This._gj sypstrates depends to a great extent on the reactant flow
might be due to stress relief, and a corresponding increase i and substrate temperature. This dependence takes place
the Si-O-Sbond angle at the bridging oxygen atom site, asihrqygh the type and concentration of H-related impurities,

a consequence of the reordering of the oxide network du”n%ainly in the form of Si—H. N—HH—O—H. and Si—OH

the annealing in this almost stoichiometric oxide film. Thisp,nqs. During RTA at elevated temperature, film shrinkage is

hypothesis is supported by a slight shift of the Si—O stretchypserved as a result of impurity effusion and oxide network

ing band to higher wave numbers. Therefore, for the Co”efearrangement. For low values(lower than about 15 a
spondingR value, the film contraction associated to rapid high concentration of Si—H bonds is present, incorporation
thermal annealing due to impurity effusion is partially com- o¢ isture is blocked, and the effusion of impurities during
pensated by a film expansion due to stress relief. The comypnealing leads to a high film contraction with a significant
bination of these two effectg explams the.low stress differ-giress variation. For higR values(higher than about 23he
ences before and after RTA in the higregion. concentration of Si—H is low and moisture is present as
H—-O-H and Si—OHbonds in different local environments.
During annealing, two simultaneous mechanisms take place,
impurity release and bonding relief, which partially compen-

All the particularities analyzed in the preceding para-sate for one another, and the resulting net film shrinkage as
graphs are present in PECVD silicon oxide irrespective ofwvell as the film stress variations are low.

C. Effect of substrate temperature
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